Staphylokinase (SAK), a polypeptide secreted by Staphylococcus aureus, is a plasminogen activator with a therapeutic potential in thrombosis diseases. A Bacillus subtilis strain which is multiply deficient in exoproteases was transformed by an expression plasmid carrying a promoter and a signal sequence of subtilisin fused in frame with the sak open reading frame. However, the amount of SAK secretion was marginal (45 mg/liter). In contrast, disruption of the wprA gene, which encodes a subtilisin-type protease, strongly promoted the production of SAK in the stationary phase (181 mg/liter). In addition, the extracellular stability of mature SAK was dramatically enhanced. These data indicate a significant role of the wprA gene product in degrading foreign proteins, both during secretion and in the extracellular milieu.
Staphylokinase (SAK), a 136-amino-acid protein secreted by Staphylococcus aureus strains, acts as a plasminogen activator (11) by forming a complex with plasmin that activates other plasminogens (8) . In contrast to streptokinase (SK), SAK exhibits fibrin-specific activation of plasminogen and low immunogenicity. Therefore, SAK has a potential for use in treatment of thrombosis (3, 19) , and it has emerged as a thrombolytic agent for treatment of patients with acute myocardial infarction or peripheral arterial occlusion (5, 23) .
Natural strains of S. aureus produce only a negligible amount of SAK (4) . Thus, several efforts to produce SAK in large quantities have been made (2, 13, 21, 29) . A Bacillus expression system exploiting the natural promoter and translation signals of SAK resulted in the secretion of 25 mg of recombinant SAK (rSAK) per liter in B. subtilis DB104, which is deficient in two major extracellular proteases (2, 7) . Recently, rSAK was produced in B. subtilis WB700 (30) , which is deficient in seven extracellular proteases, thereby preventing of the degradation of rSAK in the culture medium, by using the sucrose-inducible sacB promoter and the levansucrase signal sequence. Fermentation of WB700 resulted in the production of 337 mg of rSAK per liter (29) .
An IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible system was designed and used for the investigation of the influence of the cell wall-associated protease WprA on the production of the Bacillus licheniformis alpha-amylase AmyL (22) . The Bacillus protein, AmyL, was degraded by the wprA gene product during or shortly after the translocation across the membrane and in a cell-associated location (22) . wprA codes for a 96-kDa protein that is processed to the CWBP23 propeptide and CWBP52 mature protease, forming a complex associated with the cell wall (14) . Unexpectedly, the complex was also found in the culture supernatant of Bacillus subtilis WB600 (1, 28) . Whether it is present in the cell wall or in the culture medium therefore seems to be a critical factor in the degradation of recombinant proteins. However, this hypothesis has not yet been tested with a wprA-deficient strain. Here we report that inactivation of the wprA gene in B. subtilis WB600 results in enhanced production of rSAK.
MATERIALS AND METHODS
Bacterial strains, culture medium, and culture conditions. The bacterial strains and plasmids used in this study are listed in Table 1 (9, 18) . Genomic DNA from B. subtilis was prepared by Doi's method (6) . All DNA manipulations were carried out by standard protocols (20) . PCR screening for disruption of the wprA gene in B. subtilis was performed with two primers, WPRP-F (5Ј-TGCCAATTGGTTTTCAATTGTTTTAATAGA) and TETP-R (5Ј-TAAAATTTGGTTGTGTCGTAAATTCGATTG). Southern blotting and hybridizations were performed using the nonradioactive ECL kit (Amersham Life Sciences). The hybridization probe was prepared with PCR amplification using WPRS-F (5Ј-ACTTAAATTAATCACCTTTGCTCCTTTGTC) and WPRS-R (5Ј-CTGCGCTGACAGCCTTCATGACATTCA).
Construction of shuttle expression plasmid pSAK704. The subtilisin promoter and signal sequences (SPS) in plasmid pKWZ (17) were subcloned into the HindIII-EcoRI site of pUC18. SPS was amplified by PCR with the primer pair SPS-F (5Ј-AGCGGATAACAATTTCACACAGGA) (New England Biolabs, Inc.) and SPS-R (5Ј-TTGAGCTCGCCGGCCTGCGCAGACATGTTGCT), which contain additional SacI and NaeI restriction sites. The EcoRI-and SacIdigested SPS was subcloned into the EcoRI-SacI site of pUC19, digested with EcoRI and PstI, and finally inserted into EcoRI-PstI site of plasmid pKK223-3. The origin of replication and kanamycin resistance gene from pUB110 (15) were inserted into the PvuII-EcoRI site of SPS-containing pKK223-3. The resulting plasmid, a shuttle expression vector, was termed pSM704.
The SAK-encoding gene was amplified from chromosomal DNA of S. aureus NCTC10033 by PCR with the oligonucleotide pair SAK-F (5Ј-TCAAGTTCAT TCGACAAAGGAAAAT) and SAK-R (5Ј-GGGAAGCTTATTTCTTTTCTA TAACAACCTTTG). The PCR product was cleaved with HindIII and inserted into the NaeI-HindIII site of pSM704 to drive rSAK expression (Fig. 1) . The correct in-frame fusion between SPS and rSAK was confirmed by sequencing.
Construction of gene replacement vector pDWPRA. wprA (3.1 kb) was amplified from chromosomal DNA of B. subtilis WB600 with the oligonucleotide pair WPR-F (5Ј-CCCGAATTCTTGATAGAGCTGGTTTTTTTTATA) and WPR-R (5Ј-GCAGAATTCGCACAGCTTCGGCTTATCGGAATT). The PCR product was digested with EcoRI and subcloned into pUC19. The resulting plasmid, pUC19-wprA, was further digested with Bst1107I and EcoRV, generating a wprA-containing fragment which was subsequently fused to an XhoI linker. The tetracycline resistance gene, tet (1.7 kb) (16) , was obtained by digestion of pUCTV2 (25) with XhoI and finally was inserted into the XhoI site of the wprA-containing plasmid fragment. The tet-disrupted wprA fragment was ligated into the EcoRI site of XhoI-digested pUCTV2, and the resulting plasmid was termed pDWPRA (Fig. 1) .
SDS-PAGE and immunoblot analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using Laemmli's method (12) . Purified rSAK from E. coli (13) was used to raise antibodies in rabbits. Western blot analysis was performed by standard protocols (20) . Anti-rabbit immunoglobulin G-peroxidase conjugate (A-9169; Sigma) was used as the secondary antibody. The light-emitting nonradioactive ECL kit (Amersham Life Sciences) was used for signal detection.
Determination of SAK activity. B. subtilis transformants carrying plasmid pSAK704 were plated on LB-kanamycin agar and incubated for 24 h at 37°C. Five milliliters of top agar solution containing 50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.7% (wt/vol) agar, 3% (wt/vol) skim milk, and 50 g of human plasminogen was then poured onto the agar surface, and the plate was incubated for a further 2 h at 37°C. SAK activity was determined by the clear zone around colony. Quantitative SAK activity was determined by the plasminogen-coupled chromogenic substrate assay (21) with following modifications. Forty microliters of SAK (final concentration, 0 to 10 nM) and 40 l of human plasminogen (final concentration, 0.5 M) in 20 mM sodium phosphate buffer (pH 7.5) were mixed and incubated for 25 min at 25°C. Twenty microliters of the chromogenic substrate S-2251 (final concentration, 1 mM) (V-0882; Sigma) was then added, and the absorbance at 450 nm was measured after a further 5 min (Bio-Rad microwell plate reader, model 550).
Purification of rSAK. Two hundred milliliters of B. subtilis LB700 broth was centrifuged (6,000 ϫ g, 10 min). After removal of the microbial cells, solid ammonium sulfate was added to the supernatant and mixed to achieve 80% saturation. After the mixture was allowed to stand at 4°C for 4 h, the precipitated protein was collected by centrifugation (8, 000 ϫ g, 30 min, 4°C) . The precipitate was dissolved in 5 ml of 50 mM sodium phosphate (pH 7.5) containing 150 mM NaCl and then dialyzed against the same buffer. The dialyzed sample was then applied to a Superdex 75 column, previously equilibrated with the same buffer (Pharmacia Biotech), operated with fast protein liquid chromatography equipment (flow rate, 0.5 ml/min) (Pharmacia Biotech). Purified fractions of rSAK were analyzed by SDS-PAGE, electroblotted to polyvinylidene difluoride membranes (Schleicher & Schuell), and certified by peptide sequencing (PerkinElmer ABI 476).
Stability of SAK and SK in the spent medium. A 24-h-old culture broth of B. subtilis was centrifuged (10,000 ϫ g, 10 min) and passed through a 0.45-mpore-size filter (Millipore). Five milligrams of purified rSAK was then added to 1 ml of this filtrate and incubated at 37°C. The residual SAK activity was assayed by the chromogenic substrate method as described above. One milligram of purified recombinant SK (rSK) from E. coli (10) was added to 1 ml of the filtrate and incubated at 37°C. The residual SK activity was measured by the plasminogen color coupling assay (10) .
RESULTS
Inactivation of wprA in the chromosome of B. subtilis WB600. B. subtilis WB600 was transformed with plasmid pDWPRA, and tetracycline-resistant clones were selected at 30°C and subsequently were singly transferred to 5 ml of LB medium (42°C) to eliminate the unincorporated plasmid. Ten colonies were randomly selected, and clones with an inactivated copy of wprA in the chromosome were identified by PCR screening with primers WPRP-F and TETP-R. PvuII-digested genomic DNAs of WB600 and a candidate clone, LB700, were hybridized with a wprA PCR fragment amplified with WPRS-F and WPRS-R as a probe, which corresponds to the region between nucleotides 2050 and 2340, also encoding the catalytic serine residue. A hybridization band of 1.4 kb indicated that the wprA gene in B. subtilis LB700 was indeed disrupted by the tet gene (data not shown). Enhanced secretion of rSAK by wprA inactivation. B. subtilis LB700, WB600, and DB431 were transformed with pSAK704, and several colonies were picked for further investigation. Preliminary tests on skim milk-plasminogen plates showed that LB700 displayed a much larger and clearer zone around the colony than WB600 or DB431 transformants (data not shown). Thus, the deletion of wprA seemed to enhance the production of rSAK. Consequently, selected transformants were tested in liquid culture. The secretion of rSAK by LB700 was dramatically enhanced during the stationary phase, whereas it was severely degraded in DB431 and WB600 after 20 h (Fig. 2) . The final concentration of rSAK secreted by B. subtilis LB700 transformants was 181 mg/liter as determined by the chromogenic assay. This contrasts with only 45 mg/liter secreted by WB600 or DB431 transformants (Fig. 2) . Moreover, secretion of rSAK by LB700 continued for more than 36 h (data not shown).
SDS-PAGE and Western blot analysis indicated that secreted rSAK constituted a major band in a Coomassie brilliant blue-stained gel (data not shown). Amino acid sequencing analysis of the purified mature rSAK showed the wild-type SAK sequence SSSFD at the amino-terminal region.
Stability of SAK in the extracellular medium. The WprA protease was reported to be present in the culture supernatant of B. subtilis WB600 (1). We have therefore investigated whether the disruption of wprA influences the stability of rSAK in the extracellular medium. Figure 3A shows that 11.9 and 14.1% of the original rSAK activity was recovered after 6 h of incubation of rSAK at 37°C with culture filtrates of B. subtilis DB431 and WB600, respectively. However, significantly less degradation of rSAK occurred in the culture filtrate of LB700, and more than 55% of the original rSAK activity was still recovered after 24 h (Fig. 3A) . Hence, the extracellular WprA protease is significantly involved in the degradation of secreted rSAK in B. subtilis.
Stability of SK in the culture filtrate. In order to find out whether wprA gene disruption also improves SK stability, a similar experiment was performed with rSK. Figure 3B shows that upon incubation with culture filtrate of strain WB600, most of the rSK activity disappeared within 3 h. In contrast, 61% of the original SK activity was recovered after the same time upon incubation with culture filtrate of LB700 (Fig. 3B) . Therefore, wprA disruption also improves the stability of SK, although not as much as that of rSAK. In fact, the rate of degradation of rSK was about five times higher than that of rSAK. SK appears to be more susceptible to the residual extracellular proteases than SAK.
DISCUSSION
In B. subtilis LB700 carrying plasmid pSAK704, secretion of rSAK was dramatically increased in the stationary phase compared with that in the other B. subtilis strains (Fig. 2) . This result indicated that secretion of rSAK was restricted by WprA protease associated with the cell wall. Because the mature Bacillus protein AmyL was reported to be stable in spent culture medium, while it was degraded in the membrane translocation (22) , rSAK in the secretion process seemed to be susceptible to WprA protease in the cell wall.
Recently, the wprA gene products CWBP52 and CWBP23 were found as a complex in the culture medium (1) . The influence of WprA on mature rSAK in the spent culture medium was investigated. Mature rSAK was significantly degraded in the spent media of WB600 and DB431, in contrast to the case for the spent medium of LB700 (Fig. 3A) . It was deduced that the stability of rSAK was influenced not only by WprA in the cell wall but also by released WprA in the extracellular medium. The stability of SK was also significantly affected by WprA protease in the culture supernatant (Fig. 3B) . SK was reportedly produced in B. subtilis WB600 (27) . However, the secretion amount was not notable. It was thought that removal of WprA could enhance the secretory production level of SK in B. subtilis.
With the extracellular protease level from B. subtilis 168 set as 100%, Mpr, NprB, and Vpr have levels of 2.2, 0.48, and 0.18%, respectively (28, 29) . Extracellular WprA constitutes less than 0.14% of the total extracellular protease activity. It was reported that the remaining 0.1% of extracellular protease activity is still sufficient to degrade foreign proteins that are highly sensitive to proteases (26) . While WprA is less significant than Mrp and NprB in total extracellular protease activity, mature SAK and SK were more sensitive to the trivial WprA protease than to Mpr and NprB in the extracellular milieu.
Therefore, it is necessary to reconsider the role of WprA, which has been thought to be restricted to being an authenticator of misfolded secretory proteins in the cell wall (22) . The role of the wprA gene product may be in proteolysis of nutrients in the proximal area. The colony growth of the wprA ϩ strain was qualitatively greater than that of the wprA mutant after 30 h (data not shown). This may be observed only in a multiple-protease-deficient strain. However, the growth in the broth was not distinguishable (Fig. 2) .
In summary, it was shown that the cell wall-associated protease WprA was essential for the degradation of heterologous rSAK in B. subtilis. The severe degradation of SAK and SK in the extracellular milieu was prevented by inactivation of the minor WprA protease. These data indicate a significant role of the wprA gene product in degrading foreign proteins, both during secretion and in the extracellular milieu. It is important to identify and inactivate a heterologous protein digestion apparatus for the production of a recombinant protein.
